But, even if a length as short as 1 kb is used in the calculation, the overall picture does not change because the rate of recombination remains greater than the rate of mutation. The average pairwise difference was calculated from all nongroup A strains to the nonrecombinant group A cluster for the sppA and zwf loci. The average pairwise nucleotide difference between group A and nongroup A strains was 1.53% and 1 .12% for sppA and zwf, respectively (mean = (Fig. 1) . To investigate the effects of modifications on each of the two splicing steps, we used two assays (Fig. 1A) . (i) In a cis-splicing assay the CX fragment is annealed to a subunit composed of exon 1 and domains I to III (El-XC fragment); under these conditions lariat formation is rate-limiting, allowing the study of the effects of modifications on The reaction time courses of the twosubunit intron were similar to those of the wild-type intron in both assays (Fig. 1B) . The modification interference patterns in domains V and VI obtained for lariat formation (cis splicing) and exon ligation (trans splicing) are shown in Fig. 2 . Diethyl pyrocarbonate (DEPC) (Fig. 2A) or hydrazine (Fig. 2B ) modifications were used to analyze the involvement of bases in splicing. Phosphorlmager quantification of the modification effects are summarized in Fig. 3 . As expected from sequence conservation (Fig. 3A) , the strongest inhibitory effects of base modification are found within domain V. The patterns of modification interference within that domain are very similar in both assays. Mild effects are observed in domain VI, but they are specific to lariat formation. This finding is not surprising because domain VI carries the branch site, one of the substrates of the first splicing step.
In addition, we looked for nonbridging phosphate oxygen atoms involved in splicing by phosphorothioate incorporation (Fig.  2, C and D) . Effects of Rp phosphorothioate substitutions were analyzed in different buffers: a low salt (LS) buffer, a low salt plus 1 mM MnCI2 (LS + Mn) buffer to look for manganese rescue indicative of divalent cation association with specific nonbridging phosphate oxygens (11), and a high salt (HS) buffer which is more permissive to alteration of the intron (7). Sulfur substitution on phosphates 5' to positions G817 and C839 totally blocked both steps, whatever the conditions used (Fig. 2, C and D) (12) .
Step-specific inhibitions were observed for phosphorothioates 5' to A838 and A861 (first step) and A851 (second step). However, these defects were weak and could be totally eliminated under high salt conditions. These observations indicate that these oxygens are not directly involved in catalysis. Other inhibitory effects were also observed for both steps (phosphates 5' to A816, C818, and G836) and could also be eliminated Fig. 2, C and D , cis-splicing assay; the suppression effect was also observed in the trans-splicing assay (13)]. Among these inhibitory effects, the effect of sulfur substitution 5' to A816 and C818 could be partially compensated for (about twofold) by addition of Mn2+ (Fig. 2, C and D) . Thus, these two positions are likely to be involved in divalent metal ion binding (11). The manganese rescue at position C818 was reproducible only in the trans-splicing assay, but this result does not exclude its involvement in metal ion binding during the first step as well.
In summary, only two prochiral-Rp phosphate oxygens (5' to G817 and C839) are strictly required in all conditions, and this is true for both steps. This result may reflect their direct involvement in the active site, but the possibility that these phosphate oxygens, as well as the most important bases, are simply required to maintain the overall structure of domain V or its interactions with the rest of the intron (or both) could not be excluded. To address this possibility, we used modification interference in an assay developed by Pyle and Green that measures the binding of an isolated domain V to an RNA fragment carrying exon 1 and domains I, II, and III (El/DI-III) (Fig. 4) (14) . Some base modifications, especially at positions A831 and A832 in the GAAA tetraloop and G840 and U841 (13) in or near the bulge (Fig. 3D) , showed a strong inhibitory effect on binding. In contrast, no Rp phosphorothioate significantly inhibited binding (Fig. 4C) . The binding assay was performed under high salt conditions (0.5 M KCl) in which phosphorothioate inhibition was observed only for phosphates 5' to G817 and C839 (12). Thus, the effects of sulfur incorporation at these two positions cannot be explained by binding or structural defects. This result does not exclude the possibility that phosphates showing a strong effect in low salt are involved in binding. With a more sensitive assay, some phosphate oxygens of domain V have been found to be involved in binding (15) . Two of these (5' to G836 and A838) correspond to positions showing an effect on activity in low salt conditions only.
A comparison of the results obtained with the different assays (Fig. 3) reveals that some elements clearly appear to be involved in activity for both steps but are not rate-limiting for binding or structure. These are bases A816 and G817 and prochiral-Rp oxygens 5' to nucleotides G817 and C839. In agreement with our data, mutational analysis of the conserved AGC sequence at the bottom of domain V showed that this sequence is required for activity but not for binding (16) . The essential nucleotides A816, G817, and C839 are likely to be close in space because they are on opposite sides of the helix but separated by half of a helical turn. Thus, all components found essential for activity but not for binding may be clustered in the tertiary structure and are equally required for both catalytic steps. Although it remains to be determined which elements are directly involved in catalysis, these observations suggest that the two steps are catalyzed by active sites that share at least some of their structures. This conclusion is not compatible with the existence of two completely separate active sites and is consistent with the single active site hypothesis (5).
In nuclear pre-mRNA splicing, helix I of the U2-U6 small nuclear RNA (snRNA) duplex contains highly conserved nucleotides and a two-nucleotide bulge that splits it into helices Ia and Ib. This helix lies just upstream of the helix carrying the branchpoint (intermolecular pre-mRNA-U2 helix, equivalent to group II domain VI). For these reasons, helix I has been proposed to be the spliceosomal counterpart of domain V in group II introns (17). In Ascaris U6 snRNA, a thiophosphate 5' to G49 (G60 in yeast) located in the middle of the universal AGC of helix Ib, totally blocked the first step (18). The similarity with inhibition of group II splicing found for thiophosphate 5' to G817 of the universal AGC sequence at the bottom of domain V suggests that these conserved elements could be functionally related. In this hypothesis, the spliceosomal counterpart of the bottom of group II domain V would be helix Ib, and not helix Ia as previously proposed (17) .
